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ABSTRACT 


Prior  investigations  in  a  variety  of  annual  species  have  clearly 
demonstrated  that  endotoxin  administration  is  capable  of  eliciting  a 
notable  series  of  pathophysiological  events  culminating  in  irreversible 
shock  and  death.  Results  from  our  prior  studies  have  implicated  the 
lipopoly saccharide  portion  of  the  endotoxin  complex  as  the  responsible 
agent  for  these  events.  The  present  work  was  carried  out  to  define 
more  precisely  the  chemical  nature  of  the  active  site  of  the  endotoxin. 
Endotoxin  from  S.  marcescens  lias  been  degraded  by  aqueous  phenol  or 
acetic  acid  hydrolysis  into  a  number  of  chemically  defined  structural 
fragments.  Intravenous  injections  of  these  fragments  into  awake  or 
anesthetized  animals  was  carried  out  to  compare  their  biochemical, 
hemodynamic  and  lethality  relationships.  Results  strongly  suggest 
that  the  typical  pathophysiological  manifestations  of  endotoxin  shock 
depend  on  the  presence  of  ester- linked  fatty  acids  in  the  lipid 
moiety  of  the  endotoxin  complex. 
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Among  a  variety  of  biological  reactions,  circulatory  changes 
culminating  in  irreversible  shock  represent  the  most  characteristic 
injurious  effect  of  intravenously  injected  endotoxins  in  mammals  (1,2). 
Results  of  our  preliminary  studies  on  the  relationship  between  chemical 
structure  and  hemodynamic  properties  of  endotoxins  indicated  that  the 
chemical  site  responsible  for  eliciting  these  responses  resides  most 
probably  in  the  lipopolysaccharide  portion  of  the  endotoxin  (3). 

To  define  more  precisely  the  chemical  nature  of  the  active  site,  we 
have  degraded  the  native  endotoxin  from  S.  marcescens  08  by  hot  451 
aqueous  phenol  or  mild  acetic  acid  hydrolysis  into  a  number  of  chemi¬ 
cally  defined  structural  fragments  (4,5)  and  examined  their  ..emodynamic 
properties  in  anesthetized  and  unanesthetized  dogs.  Results  of  this 
study  show  that  the  typical  hemodynamic  manifestations  of  endotoxin 
shock  are  related  to  or  triggered  by  the  presence  in  lipid  moiety  of 

•  '  .yt'1.  : 

certain  ester- linked  fatty  acids.  '  ;‘->v 


MATERIALS  AND  METHODS  '  >&'* 

:/  T-" 

Bacterial  cells  of  the  chromogenic  strain  Serratia  marcescens 
08,  cultivated  and  harvested  as  described  previously  (6),  were  supplied 
by  General  Biochemicals,  Chagrin  Falls,  Ohio.  :: 

Isolation  of  Whole  Endotoxin  and  Preparations  of  Its  Fragments 
Wet  cells  washed  with  distilled  water  were  extracted  with  Si 
trichloroacetic  acid  according  to  a  modified  procedure,  of  Boivin  et  al, 
\J) .  The  detailed  procedure  including  the  extraction  of  nucleic  acid- 
free  endotoxin  preparation  "with  chlorofoim-raethanol  (2:1,  v/v)  was 
described  previously  (8). 


The  1 ipopoly s acchar i de  fragment  was  isolated  from  the  whole 
endotoxin  by  treatment  with  hot  451  aqueous  phenol  according  to  the 
method  of  Westphal  et  al.  (9) .  Lipid  A  was  prepared  by  mild  acid 
hydrolysis  of  lipopolysaccharide  or  conjugated  protein  (0.1  N  HC1, 

100°,  30  minutes)  as  described  previously  (5,6).  The  isolation  of 
the  O-specific  side  chain,  conjugated  protein  and  pronase  core  of 
conjugated  protein  was  carried  out  according  to  the  procedures 
described  by  Wober  and  Alaupovic  (5) . 

Determinations  of  neutral  sugars,  D-glucosamine,  fatty  acids 
and  amino  acids  of  whole  endotoxin  and  its  fragments  were  carried 
out  as  previously  described  (5,6,8). 

Deesterification  of  Whole  Endotoxin 

The  removal  of  ester-bound  fatty  acids  from  whole  endotoxin  was 
performed  by  hydroxylamino lysis  (10).  One-half  gram  of  whole  endotoxin 
was  suspended  in  the  hydroxylamine  solution  and  the  mixture  was  stirred 
/.  under  nitrogen  for  20  minutes.  The  deesterified,  insoluble  endotoxin 
.  whs  then  remoyed  by  low  speed  centrifugation  and  washed  successively 
with  0.1  N  acetic  acid  in  95%  ethanol,  acetone  and  95%  ethanol. 

The  washed,  deesterified  endotoxin  was  dissolved  in  100  ml  distilled 
water-  and  the  solution  was  centrifuged  at  40,000  rpm  (105,000xg)  for 
3  hours.  The  clear  supernate  contained  the  deesterified  endotoxin; 
a  small  amount  of  sediment  was  identified  as  intact  endotoxin.  The 
supermite  was  dialyzed  against  distilled  water  and  lyophilized.  To 
ensure  a  complete  deesterification,  the  hydroxylaminolysis  of  lyophilized 
product  was  repeated  according  to  the  above  procedure. 
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The  deesterified  endotoxin  was  dissolved  in  0.15  M  phosphate 
buffer,  pH  7.0,  and  applied  to  a  Sepharose  4B  column  (2.5  x  100  cm) 
equilibrated  with  the  same  buffer.  The  elution  pattern  was  monitored 
by  absorbance  at  280  nm  and  by  determining  the  carbohydrate  content 
of  5  ml  fractions  by  phenol -sulfuric  acid  method.  The  elution 

volume  of  the  major  carbohydrate  positive  fraction  was  220-280  ml. 

A  small,  carbohydrate -negative  fraction  eluted  at  290-320  ml  was 
discarded  (the  weight  of  lyophilized  material  was  less  than  5%  of 
the  applied  deesterified  endotoxin).  The  major  fraction  was  dialyzed 
against  distilled  wtaer,  lyophilized,  redissolved  in  0.005  M  borate 
buffer  and  applied  to  a  DEAE- cellulose  column  (2  x  30  cm).  The  column 
was  developed  with  a  1 inear  gradient  of  NaCl  between  0  and  1  M.  A 
single  peak  of  purified  deesterified  endotoxin  was  eluted  by  approx¬ 
imately  0.15  M  NaCl. 

Lethality  for  Mice  (LD5q) 

Toxicity  studies  were  carried  out  with  male  Balb-C  inbred  mice 
(Texas  Inbred  Mouse  Co. ,  Houston,  Texas)  according  to  the  method 
described  previously  (5) .  The  whole  endotoxin  and  its  fragments 
were  solubilized  in  0.05  M  Tris  buffer  containing  0.5%  ..odium  dodecyl 
sulfate  (Tris-SDS  buffer),  pH  7.6. 

Hemodynamic  Effects  in  Dogs 

Experiments  were  carried  out  with  anesthetized  and  unanesthetized 
adult  mongrel  dogs.  In  the  first  phase  of  this  study  26  dogs  wero 
anesthetized  with  sodium  pentobarbital ,  30  mg/kg,  and  the  hemodynamic 
parameters  were  measured  during  a  4  hour  period.  Catheters  were 
placed  in  the  femoral  artery  and  vein  for  measurement  of  mean  systemic 
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arterial  pressure  and  for  collection  of  blood  samples,  respectively. 
Laparotomy  was  performed  and  a  catheter  was  introduced  into  the 
portal  vein  through  an  accessory  splenic  vein  for  measuring  the  portal 
venous  pressure.  Mean  systemic  arterial  pressure,  portal  vein  pressure, 
heart  rate,  pH,  and  hematocrit  were  recorded  at  specified  times  after 
intravenous  injections  of  whole  endotoxin  and  its  fragments  according 
to  previously  described  techniques  (11) .  Endotoxin  and  its  fragments 
were  injected  in  doses  causing  shock  (2  mg/kg)  in  order  to  make 
comparisons  of  the  degree  of  severity  of  shock  on  a  weight  basis, 
and  animals  surviving  4  hours  after  injections  were  sacrificed.  Volumes 
injected  were  less  than  2  cc/kg. 

To  avoid  any  possible  interfering  effect  of  anesthetics  and  to 
obtain  a  longer  time  interval  for  observations ,  the  second  phase  of  this 
sutyd  was  conducted  with  unanesthetized  animals.  Initially,  48  dogs 
were  anesthetized  with  sodium  pentobarbital,  25  mg/kg/'hA  lateral 
incision  was  made  over  the  jugular  vein  under  sterile  conditions. 

The  carotid  artery  was  freed  from  surrounding  tissue  and  cannulated  ** 
tiith  silastic  tubing,  varying  in  size  to  fit  the  different  vessels. 

The  cainetors  were  constructed  with  a  small  polyethylene  collar  that 
could  bo  inserted  into  tire  artery  along  with  the  tubing.  Ties  wore 
then  placed  on  both  sides  of  tho  collar  to  anchor  the  catheter  in 
place.  After  tire  incision  was  closed  tire  tubing  was  filled  with 
sodium  heparin,  1000  units/ml,  stoppered  and  taped  to  tire  side  of  the 
dog's  neck.  Daily  flushings  with  heparinized  saline  were  used  to 
keep  the  catheters  free  of  blood  clots.  After  a  recovery  period  of 
at  least  one  day  tlie  dogs  were  restrained  in  a  special  device  with 
sling  supports  so  tliey  could  res  in  a  comfortable  upright  position 
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for  an  initial  2  hour  study  (12) .  The  dogs  were  connected  to  a  P23Db 
Statham  pressure  transducer  via  the  indwelling  carotid  catheter  for 
measuring  the  heart  rate  and  mean  systemic  arteriaJ/pressure.  Whole 
endotoxin  and  its  various  fragments  were  injected Intravenously  in 
doses  causing  shock  and  reflecting  the  LD50  values  of  these  preparations 
in  mice.  The  injected  dose  of  whole  endotoxin  was  0.3  mg/kg,  conjugated 
protein  6  mg/kg,  conjugated  protein,  pronase  core  3  rag/kg,  lipid  A 
5  mg/kg,  and  O-specific  side  chain  and  deesterified  whole  endotoxin 
25  mg/kg.  Volumes  of  doses  injected  were  1  cc/kg  for  buffer,  saline, 
side  chain,  and  lipid  A,  and  less  than  6  cc/kg  for  whole  endotoxin, 
conjugated  protein,  pronase  core  and  deesterified  whole  endotoxin. 

Blood  samples  taken  at  zero  time,  120  min,  and  2  days  after  injection 
were  used  for  measuring  the  hematocrit  and  pH  according  to  the  pre¬ 
viously  described  procedures  (11,12).  Serum  glutamic  pyruvic 
transaminase  (SGPT)  and  serum  glutamic  oxalacetic  transaminase  (SCOT) 
were  also  carried  out  as  previously  described  (12) ,  A  continuous 
pressure  recording  was  made  on  a  two -channel,  Sanborn  recorder.  Heart 
rates  were  recorded  every  15  minutes.  Dogs  surviving  for  2  days  were 
sacrificed  and  recorded  as  survivor's. 


RESULTS 

Chemical  Composition  of  Whole  Endotoxin  and  Its  Fragments  (Table  1) 
Purified  whole  endotoxin  olated  by  a  51  trichloroacetic  acid 


extraction  of  S.  marccscens  08  is  a  macromolccular  compound  consisting 
of  carbohydrate ,  lipid  and  protein  moieties.  Small  amounts  of 
con'  aminating  free  O-specific  sido  diain  and  protein  moiety  can  be 
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detected  by  immunological  technique  (4) .  Whole  endotoxin  was 
characterized  by  23%  neutral  sugars,  12.21  D- glucosamine,  20.11 
fatty  acids,  and  11%  amino  acids. 

The  hot  aqueous  phenol  treatment  of  whole  endotoxin  cleaved  a 
sensitive  linkage  within  the  lipid  moiety  and  resulted  in  the  formation 
of  two  very  typical  fragments  recognized  as  simple  protein  and  lipo- 
polysaccharide  (4) ,  In  comparison  with  its  parent  compound,  tire 
lipopoly saccharide  was  characterized  by  a  higher  content  of  carbohy¬ 
drate  (33%)  and  D- glucosamine  (33%)  and  a  lower  content  of  fatty 
acids  (9%).  The  decreased  fatty  acid  content  of  lipopolysaccharide  was 
caused  not  only  by  a  selective  removal  of  a  part  of  the  lipid  moeity 
but  also  by  the  partial  hydrolysis  of  the  ester-linked  fatty  acids 
during  phenol  treatment  of  wholo  endotoxin  (13),  The  lipopolysacciiaride 
only  contained  traces  of  amino  acids.  Tlio  chemical  composition  of 
conjugate  a  protoin  attested  to  the  fact  tliat  mild  acetic  acid  hydrolysis 
of  whole  endotoxin  results  in  an  almost  quantitative  and  selective 
cleavage  of  bonds  between  the  lipid  moiety  and  polysaccharide  core 
(5) .  Tlie  cleavage  of  the  major  portion  of  O-specific  side  chain  and 
core  is  reflected  in  a  low  content  of  neutral  sugars  (3.11)  and 
D-glueosamine  (9.4%)  and  a  high  content  of  fatty  acids  (46%)  and 
amino  acids  (35.3%).  Pronase  treatment  of  conjugated  protein  resulted 
in  a  product  characterized  by  increased  relative  content  of  the  fatty 
acids  (53.21)  and  decreased  content  of  amino  acids  (12,9$).  Lipid  A 
contained  a  high  percentage  of  fatty  acids  (68,9$)  and  D-glucosamino 
(24%)  and  only  trace  amounts  of  neutral  sugars  (2$)  and  amino  acids 
(1$).  liydroxylaminolysis  of  whole  endotoxin  caused  a  selective 


clecwage  of  ester-bound  fatty  acids.  The  infrared  spectrum  showed 
that  the  remaining  small  amount  of  fatty  acids  (1.8%)  were  bound 
through  amide  linkages.  0- specific  side  chain  was  free  of  fatty 
acids  and  amino  acids.  Its  structure  has  been  reported  (8). 

Whole  endotoxin,  lipopolysaccharicle,  conjugated  protein  and  lipid 
A  were  highly  toxic  in  mice  (5) .  On  the  other  hand,  the  O-specific 
side  chain  and  the  deesterified  whole  endotoxin  showed  no  toxic 
effects  in  doses  up  to  100  mg/ kg.  Increased  solubility  of  lipid  A 
in  Tris-SDS  buffer  eliminated  the  necessity  to  solubilize  lipid  A  by 
comploxing  with  protein  carriers  (14). 

Hemodynamic  Effects  in  Dogs 

Results  in  Table  1  stowed  tliat  injection  to  anesthetized  dogs  of 
whole  endotoxin  or  any  of  its  three  fragments,  i.e, ,  lipopolysacuharide 
conjugated  protein  and  lipid  A,  elicited  hemodynamic  changes  resulting 
in  shock.  Significant  decreases  in  moan  arterial  pressure  and  eleva¬ 
tions  in  portal  vein  pressure  were  .accompanied -by  bradycardia  and  a 
.  progressive-' developiuniit  of  acidosis  mid  liuarvuncentratiotn  Animals/ 
injected  with  Tris-SDS  buffer  showed  no  significant  changes  in  any  of 
ttosc  parameters. 

la  the  scour*  phase  of  tins  study  unanesthetised  dogs  wore 
injected  with  whole  endotoxin,  conjugated  protein  and  its  pionase 
cote,  lipid  A,  O-specific  side  chain  a^id  deesterified  whole  endotoxin. 
The'  results  are  presented-  in.  Table-  2,  •  Two  types  of  controls  were 
carried  out.  Saline  was  injected  to  wio  out  any  possible  interfering 
effect  of  volume  and  the  Tris-SBS  buffer  was  tested  for  the  possible 
contributions  of  anionic  detergent  to  the  toxicity  of  eadotoxic  prep¬ 
arations.  It  was  noted  that  wnw;  th*.  s*!***.  nor  Tris-SDS  buffer- 


had  any  significant  effect  on  hemodynamic  parameters.  Injection  of 
either  the  whole  endotoxin,  conjugated  protein,  pronase  core  or  lipid 
A  caused  a  marked  decrease  in  the  mean  arterial  pressure  and  pH 
values,  and  an  increase  in  the  heart  rates  and  hematocrits.  In 
contrast  to  these  results,  the  administration  of  O-specific  side  chain 
or  deesterified  whole  endotoxin  had  no  significant  effect  on  any  of  the 
hemodynamic  parameters. 

Whale  endotoxin  and  all  its  fragments,  including  the  O-specific 
side  chain,  caused  air  elevation  of  serum  glutamic  oxalacotro  and 
glutamic  pyruvic  transaminases  (Table  3).  Deesterified  whole  endotoxin 
liad  no  effect  on  levels  of  either  of  these  two  enzyme  activities. 

Administration  of  whole  endotoxin,  conjugated  protein  and  lipid 
A  resulted  in  high  mortality  rates  (Table  4),  However,  no  deaths  were 
recorded  after  injection  of  O-specific  side  chain,  or  deesterified 
whole  endotoxin. 

WSOiSSlOK 

CuEpafaiivo  cla&ic&i  studios  on  endotoxic  products  isolated 
either:  by  4$t  aqueous  phenol,  U  acetic  acid  or  51  fcriddoroaeetic 
■acid  treatment  of  Gram-negative  bacteria  indicated  that  each  of  these 
eoseaaiy  used  procedures  caused  tlogradation  of  endotoxins  into  soao 
very  characteristic  fragments,  The  451-  aqueous  phonal  tmteitt.  of 
bacterial  cells  cleaved  a  weak  linkage  within  the  lipid  moiety  and 
resulted  in  the  degradation  of  endotoxin  into  two  frapsents-  designated 
as  simple  protein  and  Hpopolysaecharide  (4) .  As  a  result  of  this 
degradation,  both  simple  protein  arid  Upc^olysaccharide  retained  a 
portion  of  the  lipid  moiety.  Prolonged  taoatsaent  with  aqueous  phenol 
also  resulted  in  the  partial  eleav&g©  of  O-specific  side  chain  frets 
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the  polysaccharide  core  and  ester- linked  fatty  acids  in  the  lipid 
moiety  (13) .  Although  the  lipopoly saccharide  fragment  only  contained 
a  portion  of  the  lipid  moiety,  it  exhibited  high  levels  of  toxicity. 

The  acetic  acid  extraction  caused  a  complete  fragmentation  of  endotoxin 
into  conjugated  piotein,  O-specific  side  chain  and  polysaccharide 
core  (5).  Conjugated  protein  consisted  of  intact  protein  and  lipid 
moieties,  and  negligible  amounts  of  polysaccharide  core.  The  toxicity 
of  conjugated  protein  was  equal  to  or  greater  than  that  of  lipopoly¬ 
saccharide. 

Among  key  fragments,  both  lipopolysaccharide  and  simple  protein  . 
contain  a  portion,  while  conjugated  protein  retains  the  entire  lipid 
component.  The  lipid  A  preparations  isolated  from  lipopolysaccharide 
(6)  or  protein  fragments  (5)  by  mild  acid  hydrolysis  are  mixtures  of 
various  degradation  products,  mostly  partially  deacylated  diglucosamine 
units,  of  intact  lipid  moiety. 

Results  of  the  present  investigation  showed  that  anesthesia  had 
no  effect  on  the  hemodynamic  properties  of  endo toxic  compounds.  The 
typical  changes  in  hemodynamic  parameters,  transaminase  levels  (12) 
and  mortality  r  ies  were  only  observed  with  whole  endotoxin  and 
fragments  which  contained  at  least  a  portion  of  the  lipid  moiety. 

It  is  noteworthy  that  the  toxicity  and.  hemodynamic  properties  of 
conjugated  protein  differed  very  little  from  those  of  lipopolysacchari.de. 
The  possible  effect  on  hemodynamic  parameters  of  the  protein  moeity  was 
excluded,  because  a  protein-free  lipopolysaccharide  was  biologically 
as  effective  as  whole  endotoxin.  Similarly,  the  O-specific  side 
chain,  tho  carrier  of  serological  specificity  of  bacterial  cells,  had 
no  effect  on  measured  hemodynamic  parameters.  These  results  pointed 


to  the  lipid  moiety  as  the  primary  site  responsible  for  biological 
activity.  This  possibility  was  tested  vdth  a  lipid  A  preparation  iso¬ 
lated  from  lipopolysaccharide  fragment  and  solubilized  in  0.-5! 
sodium  dodecyl  sulfate.  It  was  clearly  demonstrated  that  lipid  A, 
due  to  an  increased  solubility  in  sodium  dodecyl  sulfate,  was  a 
highly  active  inducer  of  hemodynamic  reactions  characteristic  of 
endotoxin  shock.  Since  lipid  A  does  not  represent  an  intact  lipid 
moiety,  it  is  obvious  that  structural  features  necessary  for  biological 
activity  were  preserved  during  its  isolation  from  lipopolysaccharide 
by  mild  acid  hydrolysis.  Results  of  an  experiment  with  deesterified 
whole  endotoxin  indicated  the  ester-bound  fatty  acids  as  functional 
groups  directly  responsible  fjr  hemodynamic  properties  of  endotoxin. 

Elevations  of  serum  levels  of  transaminases  observed  in  the 
present  study  are  indicative  of  both  early  and  sustained  injury  or 
depression  of  function  in  cardiac  or  hepatic  tissues.  Similar 
increases  have  beta  reported  in  several  disease  states  (15-17)  and 
following  administration  of  live  E.  coli  organisms  (12) . 

It  lias  recently  been  demonstrated  that  lipid  A  solubilized  by 
cocplexing  with  bovine  senm  albumin  is  the  active  component  responsible 
for  complement  inactivation  (18) ,  pyrogenicity  (14) ,  toxicity  (14) , 
and  mitogenicity  (19)  of  endotoxins  from  Salmonella  and  Escherichia 
coli.  Results  of  present  study  show  that  also  hemodynamic  changes 
culminating  in  irreversible  shock  are  elicited  by  lipid  moiety  as  the 
carrier  of  active  components  or  structures  of  endotoxin  molecules. 
Furthermore ,  solubilization  of  lipid  A  and  other  lipid- containing 
endotoxin  fragments  in  0.5%  sodium  dodecyl  sulfate  solutions  exposes 
their  "toxic  conformation"  (14)  and  renders  them  biologically  active 
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I 

r 

as  efficiently  as  completing  with  protein  carriers  (14).  The  obvious 
I  parallelism  Ju  structure- function  relationship  between  hemodynamic 

properties  ,  pyrogenicit  y ,  complement  inactivation  and  mitogenicity 
shows  clearly  that  all  these  effects  of  endotoxin  reside  in  and  are 
triggerred  by  the  same  stiuctural  component,  i.e. ,  ester-bound  fatty 
acids  of  the  lipid  moiety. 
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240  55  ±  10  10  ±  2  92+  14  52  ±  1  6,.81±  .03 

*M±SE;  whole  endotoxin;  lipopolysaccharide,  conjugated  protein  and  lipid  A  were  solubilized  in  0  05  M 
Tris  buffer  containing  0.5%  sodium  dodecyl  sulfate. 
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TABU:  3 

Effect  of  Whole  Endotoxin  and  Its  Fragments  on  Scrum  Glutamic  Qxalacetic 
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TABLE  4 


Effect  of  Endotoxin  and  Its  Fragments  on  the  Mortality  in  Dogs* 


.  Number  of  deaths/ 


Preparations  _ Total  number  of  animals 

Saline  solution  0/6 

Tris-SDS  buffer  0/5 

Whole  endotoxin  (0.3  mg/kg)  5/6 

Conjugated  protein  (6  mg/kg)  6/6 

Conjugated  protein,  pronase  core  (3  mg/kg)  6/6 

Lipid  A  (5  mg/kg)  ,  6/7 

♦ 

O-specific  side  chain  (24  mg/ke)  0/5  ■ 

Deestexified  whole  endotoxin  (25  mg/kg)  0/6 


Survival  is  for  2-day  period. 
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